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a b s t r a c t 
Yttrium oxide coatings were fabricated on reduced activation ferritic/martensitic steels by metal organic 
decomposition with a dip-coating technique, and their deuterium permeation behaviors were investi- 
gated. The microstructure of the coatings varied with heat-treatment temperature: amorphous at 670 ºC 
(amorphous coating) and crystallized at 700 ºC (crystallized coating). Deuterium permeation ﬂux of the 
amorphous coating was lower than the uncoated steel by a factor of 5 at 500 ºC, while that of the crystal- 
lized coating was lower by a factor of around 100 at 400–550 ºC. The permeation ﬂuxes of both coatings 
were drastically decreased during the measurements at higher temperatures by a factor of up to 790 for 
the amorphous coating and 10 0 0 for the crystallized one, indicating a microstructure modiﬁcation oc- 
curred by an effect of test temperature with hydrogen ﬂux. Temperature dependence of deuterium diffu- 
sivity in the coatings suggests that the decrease of the permeation ﬂux has been derived from a decrease 
of the diffusivity. Characteristic permeation behaviors were observed with different annealing conditions; 
however, they can be interpreted using the permeation mechanism clariﬁed in the previous erbium oxide 
coating studies. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Tritium permeation through structural materials in fuel cycles
f fusion reactors, in particular demonstration (DEMO) and com-
ercial power reactors, should be strictly controlled from the
iewpoint of an eﬃciency for fuel breeding/recovery system and a
adiological concern. Tritium permeation barrier (TPB) has been in-
estigated for a few decades as a solution for the control of tritium
igration [1–4] . Through a series of our previous studies, precise
euterium permeation behaviors have been clariﬁed using mainly
rbium oxide (Er 2 O 3 ) coatings [5–10] . In addition, modeling of tri-
ium permeation through the Er 2 O 3 coatings has recently been es-
ablished from both experimentally and computationally [11–13] .
owever, the model needs to be conﬁrmed so that it shows that
an be applicable to other ceramic coatings. Chemical composition,
rystal structure, and interaction with hydrogen will make an in-
uence on deuterium permeation through the material. ∗ Corresponding author. 
E-mail address: chikada.takumi@shizuoka.ac.jp (T. Chikada). 
b  
s
ttp://dx.doi.org/10.1016/j.nme.2016.06.009 
352-1791/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u
Please cite this article as: T. Chikada et al., Crystallization and deuter
metal organic decomposition, Nuclear Materials and Energy (2016), httTaking into account that the crystal structure and the thermo-
ynamic stability are similar to Er 2 O 3 , yttrium oxide (Y 2 O 3 ) will
e another option as a TPB coating and a good reference to con-
rm an applicability of the model obtained by the Er 2 O 3 coating
tudies. Although a chemical reaction of an Y 2 O 3 coating with high
emperature liquid lithium was reported [14] , there is room to be
nvestigated as a TPB material in corrosive blanket systems using
ithium–lead, for instance. Moreover, radioactivation of yttrium is
uch lower than that of erbium [15] . That might contribute to ra-
iological safety or easier handling of future fusion reactors during
nd after operation. A limited number of paper about Y 2 O 3 coat-
ng as a TPB were published at present [16] , and the hydrogen per-
eation mechanism in the coating is not clear. Therefore, in this
tudy, Y 2 O 3 coatings were fabricated by a liquid phase method,
hich is promising for plant-scale fabrication, and their deuterium
ermeation behaviors were investigated in order to evaluate a
niversality of the permeation mechanism through the coatings
y comparing to the ﬁndings obtained from the Er 2 O 3 coatingtudies. 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
ium permeation behaviors of yttrium oxide coating prepared by 
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Fig. 1. Coating fabrication process by MOD method. 
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d  2. Experimental 
2.1. Sample preparation 
Mirror-polished reduced activation ferritic/martensitic (RAFM)
steel F82H (Fe-8Cr-2 W) plates with dimensions of 25 mm length
and 0.5 mm thickness were used as substrates. The Y 2 O 3 coatings
were prepared by metal-organic decomposition (MOD). The fab-
rication condition was applied by reference to the case of Er 2 O 3 
coatings described in the previous papers [ 10 , 17 ]. The fabrication
procedure in this study is shown in Fig. 1 . The F82H substrate was
dipped into a commercially available liquid coating precursor (Ko-
jundo Chemical Laboratory Co., Ltd., Y-03 ®) without addition of
thinner and withdrawn at a constant speed of 1.2 mm s –1 using
a dip coater. Thereafter, the sample was dried at 120 ºC for 5 min
and pre-heated at 550 ºC for 2 min on hot plates in air. These dip-
ping, drying, and pre-heating processes were repeated for three
times to ensure a uniform surface of the coating. Finally, the sam-
ple was heat-treated at 670 ºC or 700 ºC for 30 min in high purity
argon (99.999%) using an electric furnace with a heating rate of
10 K min –1 and cooling rate of 5 K min –1 . 
2.2. Coating characterization 
Surface morphology of the coatings was examined by atomic-
force microscopy (AFM). Cross sections of the coatings were ob-
served by scanning electron microscopy with a focused ion beam
system (FIB-SEM). Crystal structures of the coatings were analyzed
by grazing incidence X-ray diffraction (GIXRD, RINT-2200, Rigaku
Co. Ltd.). The chemical states of Y, O and carbon (C) impurity in
the coatings were evaluated by X-ray photoelectron spectroscopy
(ESCA1600 system, ULVAC-PHI Inc.) [18] . 
A gas-driven deuterium permeation setup is described in de-
tail in Ref. [5] , and the procedure of permeation experiments is
followed by Ref. [9] . Deuterium permeation ﬂux through the sam-
ples was detected by a quadrupole mass spectrometer (QMS) inPlease cite this article as: T. Chikada et al., Crystallization and deuter
metal organic decomposition, Nuclear Materials and Energy (2016), htthe temperature range of 30 0–70 0 ºC. An ion current of the QMS
as calibrated using a deuterium standard leak. The sample was
ounted in the permeation apparatus with the coated side facing
o the high deuterium pressure side. The backside of the coated
amples was polished using an abrasive paper and cleaned before
he installation in order to remove a rough coating surface formed
uring the fabrication process. 
The permeation ﬂux per unit area at steady-state J through a
ample with a thickness of d is expressed by the following equa-
ion: 
 = K S D p 
n 
d 
, (1)
here K S is the Sieverts’ constant related to solubility, D is the dif-
usivity, and p is the driving pressure. A pressure exponent n is
btained by measuring the permeation ﬂuxes at different driving
ressures. Permeation reduction factor (PRF) is deﬁned as the ra-
io of the permeation ﬂux through an uncoated substrate to that
hrough a coated sample. The simplest case of permeation, where
he rate-limiting process is diffusion of hydrogen atoms through
he solid, satisﬁes the equation with n = 0.5. When the permeation
ate is limited by surface processes such as adsorption and des-
rption, the exponent of the driving pressure p is unity ( n = 1). In
ddition, using a time evolution of a permeation amount, the diffu-
ivity can be analytically obtained by the following equation with
he time-lag, t lag , where a ﬁtting line from an asymptotic region of
he permeation amount intersects the time axis [19] : 
 lag = 
d 2 
6 D 
. (2)
In this work, the deuterium permeation ﬂux and diffusivity
ere separately evaluated with the steady-state and time evolu-
ion of the deuterium permeation, respectively. 
. Results 
Topologic AFM images of the coated samples heat-treated at
70 ºC and 700 ºC are shown in Fig. 2 . The sample heat-treated
t 700 ºC looks smoother than the other one. Fig. 3 shows GIXRD
pectra of the coated samples. Fig. 3 (a) is the spectrum enlarged
n the y-axial direction because the highest peak was from the
ubstrate at 44.7 º, and no other clear peaks were seen with the
riginal scale. It was obvious that the microstructure of the sam-
le heat-treated at 670 ºC was amorphous, while that heat-treated
t 700 ºC was crystallized as a cubic-phase Y 2 O 3 as indicated in
ig. 3 (b). The average grain size of the cubic-Y 2 O 3 from the highest
eak and Scherrer equation [20] was estimated as being approxi-
ately 6 nm, which was comparable with the previous Er 2 O 3 coat-
ngs prepared by MOD [10] . A cross-sectional image of the coated
ample heat-treated at 700 ºC by FIB-SEM is shown in Fig. 4 . The
hickness of the Y 2 O 3 coating was approximately 250 nm by re-
eating the coating procedure for three times. An oxide layer of
he substrate was also seen underneath the coating with a thick-
ess of less than 50 nm, which was formed during the fabrication
rocess. 
The temperature dependence and pressure dependence of the
euterium permeation ﬂux for the amorphous coating sample
eat-treated at 670 ºC are shown in Fig. 5 . All the permeation
uxes were obtained at the deuterium pressure of 8.00 × 10 4 Pa.
n the ﬁrst three measurements at 300 ºC, 400 ºC, and 500 ºC, the
ample showed lower permeation ﬂux than the uncoated substrate
y factors of 100, 52, and 5, respectively. The pressure dependence
t the temperatures provided the pressure exponent n of 0.90 at
00 ºC and 0.77 at 500 ºC as shown in Fig. 5 (b), indicating a strong
urface contribution. In the measurements at 550 ºC and 700 ºC,
owever, the permeation ﬂux was drastically decreased by two or-
ers of magnitude from that in the ﬁrst test at 500 ºC, and a PRFium permeation behaviors of yttrium oxide coating prepared by 
p://dx.doi.org/10.1016/j.nme.2016.06.009 
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Fig. 2. AFM surface images of the coatings heat-treated at (a) 670 ºC and (b) 700 ºC. 
Fig. 3. GIXRD spectra of Y 2 O 3 coatings heat-treated at (a) 670 ºC and (b) 700 ºC. 
Arrows and numbers in parentheses represent peak positions and crystal planes of 
cubic Y 2 O 3 , respectively. 
Fig. 4. Cross-sectional FIB-SEM image of the coated sample heat-treated at 700 ºC. 
r  
i  
a
 
s  
u  
m  
t  
t  
i  
Fig. 5. Deuterium permeation ﬂux of the coated sample heat-treated at 670 ºC: (a) 
Arrhenius plot and (b) deuterium pressure dependence. All data in (a) were ob- 
tained with deuterium pressure of 8.00 × 10 4 Pa. Numbers in parentheses in (b) 
represent the pressure exponent. 
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s  ose to 790. In addition, the pressure exponent decreased to 0.57,
ndicating the rate-limiting process had changed from surface re-
ctions to atomic diffusion in the coating. 
In the case of the crystallized coating heat-treated at 700 ºC
hown in Fig. 6 , the permeation ﬂux was lower than that of the
ncoated substrate by a factor of around 100 for the measure-
ents in the range of 400–550 ºC. The pressure exponent was es-
imated to be 0.66–0.69, which was clearly smaller than that of
he amorphous coating. Then the permeation ﬂux decreased dur-
ng the measurement at 600 ºC, resulting a PRF of up to 10 0 0. ThePlease cite this article as: T. Chikada et al., Crystallization and deuter
metal organic decomposition, Nuclear Materials and Energy (2016), httressure exponent was also decreased to 0.50–0.57, indicating that
he diffusion limited regime became dominant. 
In order to evaluate the diffusion behavior of the coated sam-
les, the temperature dependence of the deuterium diffusivity is
hown in Fig. 7 . The diffusivity data were limited in comparisonium permeation behaviors of yttrium oxide coating prepared by 
p://dx.doi.org/10.1016/j.nme.2016.06.009 
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Fig. 6. Deuterium permeation ﬂux of the coated sample heat-treated at 700 ºC: (a) 
Arrhenius plot and (b) deuterium pressure dependence. All data in (a) were ob- 
tained with deuterium pressure of 8.00 × 10 4 Pa. Numbers in parentheses in (b) 
represent the pressure exponent. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Arrhenius plots of deuterium diffusivity of the coated samples heat-treated 
at (a) 670 and (b) 700 ºC. 
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i  with those of the steady-state permeation ﬂux since it was diﬃcult
to estimate the time-lag in some measurements due to unstable
permeation. The diffusivity of both coatings showed similar trends
to those of each permeation ﬂux, indicating that the decrease of
the permeation ﬂux at 550–600 ºC was derived from the decrease
of the diffusivity. 
4. Discussion 
The relationship between the coating properties and deu-
terium permeation mechanism, and detailed permeation behaviors
through the coated samples are discussed in this chapter. In this
work, effects of pores or cracks in the coatings on deuterium per-
meation would be ignorable because only a 1% loss of the surface
coverage of the coating limits a PRF of less than 100 [11] , and then
the effect of the microstructure change and/or phase transforma-
tion is much larger. 
The Y 2 O 3 coating properties including the average grain size es-
timated by the XRD spectrum, the thickness of the coating, and
the layer structure were quite similar to those of the Er 2 O 3 coat-
ing in our previous study [10] . The only difference was the heat-
treatment atmosphere; argon was applied in this study insteadPlease cite this article as: T. Chikada et al., Crystallization and deuter
metal organic decomposition, Nuclear Materials and Energy (2016), httf hydrogen with moisture. That might cause the microstructure
odiﬁcation at higher temperatures although no permeation data
t lower than 500 ºC was presented in the case of the Er 2 O 3 coat-
ng. Therefore, the heat-treatment in hydrogen atmosphere includ-
ng deuterium permeation measurements is important to modify
he permeation reduction eﬃciency of the coatings. A similar be-
avior was observed in the Er 2 O 3 coatings prepared by a vacuum
rc deposition method [8] ; the grain growth of the coatings started
t 500 ºC exactly when deuterium was introduced to the upstream
ide. These results indicate that hydrogen ﬂux at elevated tem-
eratures might lead the modiﬁcation of coating microstructure in
erms of TPB. In particular, it is important to control the tempera-
ure range for the amorphous coating in case that quite a low PRF
as indicated at 500 ºC before the microstructure modiﬁcation. 
In order to identify the origin of the microstructure modiﬁca-
ion, XRD and XPS spectra for the coatings before and after the
ermeation experiments were compared. XRD spectra of the coat-
ngs showed no signiﬁcant difference after deuterium permeation,ium permeation behaviors of yttrium oxide coating prepared by 
p://dx.doi.org/10.1016/j.nme.2016.06.009 
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Fig. 8. XPS spectra of C 1 s for the Y 2 O 3 coating heat-treated at 700 ºC before and 
after deuterium permeation experiments. The sample surfaces were sputtered with 
3 keV Ar for 20 min. 
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ﬁndicating that the crystal phase and the grain size of the coat-
ngs were not changed by the permeation experiments. XPS spec-
ra of the coatings also showed similar chemical states of Y and
, and the only difference was that of C impurity. Fig. 8 shows
PS spectra for the crystallized coating sputtered with 3 keV Ar
or 20 min which is corresponding to the depth of approximately
0 nm from the original surface. A peak at 283.5 eV which might
erive from a C–C bond was clearly attenuated after the perme-
tion experiments. Therefore, a possible explanation for the mi-ig. 9. Various permeation regimes observed in this study: temporal changes of deuter
ithout annealing at more than 600 ºC, (c) the second test at 550 ºC after annealing at 6
rst test at 400 ºC for the coated sample heat-treated at 670 ºC. 
Please cite this article as: T. Chikada et al., Crystallization and deuter
metal organic decomposition, Nuclear Materials and Energy (2016), httrostructure modiﬁcation is that the C–C bond was dissociated dur-
ng the deuterium permeation tests at 550–600 ºC, and C impurity
as partly desorbed as hydrocarbons into the upstream, leading to
he coating microstructure with a lower deuterium diffusivity. 
There were several characteristic permeation behaviors seen
n the present study. Fig. 9 (a) shows a temporal change of the
ermeation ﬂux of the crystallized coating on the ﬁrst test at
00 ºC. A long time-lag was seen when deuterium was introduced,
hich was a typical trend on the ﬁrst test before the microstruc-
ure modiﬁcation. Considering the surface contribution before the
icrostructure modiﬁcation, deuterium would be absorbed on
he coating surface or trapped in the coating and the interlayer,
eading a long time to reach equilibrium. When the deuterium
ressure was decreased, the time-lag was much shorter than the
rst introduction because absorption or trapping sites would be
aturated. Fig. 9 (b) shows a temporal change of the permeation
ux of the crystallized coating on the second test at 500 ºC before
he microstructure modiﬁcation. Since the deuterium concentra-
ion in the adsorption or trapping sites was saturated, the time-lag
as much shorter than that of the ﬁrst test at 500 ºC. This typical
ermeation behavior was only seen after annealing in vacuum
t lower temperatures than 550 ºC because deuterium remains
n the coating under the annealing condition. Fig. 9 (c) shows a
rend of the permeation ﬂux of the crystallized coating on the
econd test at 550 ºC after annealing at 600 ºC for more than 12 h.
 peak of the permeation ﬂux was seen in the beginning of the
est, indicating a transient behavior possibly derived from the
ifference of dissociation and recombination rates on the coated
ront surface and the uncoated back surface, as discussed in the
revious paper [6] . Fig. 9 (d) shows a trend of the permeation ﬂuxium permeation ﬂux on (a) the ﬁrst test at 500 ºC, (b) the second test at 500 ºC 
00 ºC for more than 12 h for the coated sample heat-treated at 700 ºC, and (d) the 
ium permeation behaviors of yttrium oxide coating prepared by 
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[of the amorphous coating on the ﬁrst test at 400 ºC. A peak in the
beginning of the test and a long time-lag were observed, indicating
a hybrid regime of Fig. 9 (a) and (c). This behavior would be unique
for the amorphous coating before the microstructure modiﬁcation
because the deuterium concentration was not saturated in the
coating, and the rate-limiting process was surface reactions. 
Although the unique permeation behaviors have been observed
in the Y 2 O 3 coatings prepared by MOD, the permeation mechanism
can be interpreted with knowledge obtained by the Er 2 O 3 coatings.
That indicates that the permeation mechanism can be applicable
to different oxide ceramic coatings, as long as they have similar
chemical properties as the studied Er 2 O 3 and Y 2 O 3 coatings. 
5. Summary 
Y 2 O 3 coatings were prepared on the RAFM steel substrates by
the MOD method. The microstructure of the coatings varied de-
pending on the heat-treatment temperature. The amorphous coat-
ing showed smaller PRFs than those of the crystallized coating, but
both coatings showed microstructure modiﬁcation in the range of
550–600 ºC, leading to a PRF of up to 10 0 0. The diffusivity of the
coatings indicated similar trends for each permeation ﬂux. That
means the decrease of the permeation ﬂux at higher temperature
is derived from the decrease of diffusivity. Several unique perme-
ation regimes were seen on the coated samples; however, the per-
meation mechanism in the Y 2 O 3 coatings can be interpreted using
the previous ﬁndings obtained by the Er 2 O 3 coating studies. 
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